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BREAKUP OF A LIQUID JET IN A TRANSVERSE FILOW OF GAS
by Bruce J. Clark

Lewlis Research Center

SUMMARY

The breakup of a water jet exposed to a flow of nitrogen at right angles
to it has been demonstrated by photographs and by measurement of its electrical
resistance. The photographs show that the Jjet spreads progressively transverse
to the flow of gas and that drops and ligaments tear off along the edges of the
thinned out Jjet. The electrical resistance of the jet increases as this break-
up progresses and is a measure of the cross-sectional area of the portion of
the Jet remaining intact. As measured by the electrical resistance, the degree
of ligquid breakup is correlated graphically with the parameters influencing the
breakup. By differentiating the expression for the resistance with respect to
jet length, the following expression is obtained for relative cross-sectional
area remaining at any point in the Jjet:

—Aé- = [0.00392(7.68¢ - 1)(e - 1)2-5¢ 4 1771
o
Pe (VL Pe [Vt . _ o .
where € = —= T =|=]s P is gas density, p, 1s liquid density,

V = Vlﬁ + vi is relative velocity between gas and liquiqd, vy is liquid ve-

locity, Dy ds liquid jet diameter, L is distance over which liquid is acted
upon by gas, and t 1is time during which liquid is acted upon by gas.

The photographs of the spreading liquid and the form of the correlating
parameter ¢ Tfor degree of breakup support the view that, because of the gas
flow, an external pressure distribution exists around the jet that is similar
to that around a solid cylinder. The liquid responds inertially to this ac-
celerating force, with surface tension and viscosity effects being negligible
at reasonably high Weber and Reynolds numbers. The turbulence-produced rough-
ness of the jet is adequate to make the jet see a total gas velocity equal to
the vector sum of gas and liquid velocities, so that distortion rate is pro-
portional to Uz + v% and not U® alone.

Application of these results to other jet and drop breakup data, although
obtained under widely varying conditions, results in an approximate correlation
of those results.



INTRODUCTION

Recently, considerable attention has been given to the physical process of
injection and its role in the control of the rate and/or completeness of com-
bustion (refs. 1 to 5). Most of the interest has been concentrated on the drop
sizes produced by different types of injectors under various environmental con-
ditions. Some work has been performed to determine how the atomization process
that produces the drops can be modified or completely changed in character by
environmental changes (ref. 6). Comparatively little has been reported on the
rate of the breakup process itself and how this rate is influenced by such
variables as densities, velocitiles, and injector and combustor geometry.

Jet-penetration studies have been made for many years with the objective
of predicting maximum travel of a fire-hose spray and minimum length of free
jet necessary to avoid electrical shock hazard (refs. 7 to 10). Similar
studies have been made with agricultural sprays and oil burner sprays (refs. 11
and 12). Considerable work has been done on the length and the rate of pene-
tration of the spray from a diesel injector into the combustion chamber (refs.
11 to 14). 1In those studies, the surrounding gas was stagnant except for the

flow induced by the liquid jet.

Mass distribution and drop size measurements have been made for the break-
up of fuel jets in a crosscurrent flow of gas (ref. 15). FEarlier investigators
(ref. 16) showed pictures of breakup at low velocities in crosscurrent flow.
Others (refs. 17 to 36) have studied the behavior of drops and sprays in the
gas Tlow in a shock tube or blast gun or in different types of tunnels.

In steady-state combustion, the rate of liquid breakup, as well as the
vaporization rate, is important in predicting the total time or length required
for complete combustion. In oscillatory combustion, a possible mechanism for
amplifying the instability is the increase in energy release rate caused by
more rapid atomization immediately behind the pressure wave. The prediction
of local heat release and heat-transfer rates also requires a knowledge of the

liquid breakup rate.

In this study the particular case of a cylindrical liquid jet formed by a
simple orifice and atomized by a transverse flow of gas is investigated ex-
perimentally by measuring its electrical resistance. The significant param-
eters varied are gas density, gas velocity, liquid velocity, orifice diameter,
and distance along the Jjet over which the gas flow impinges on the liquid. Re-
sults are correlated in terms of a parameter derived from a suggested mechanism
by which breakup occurs. Atomization or breakup rate for any point in the jet
can be calculated from the experimental data.

SYMBOLS

A cross-sectional area of liguid Jet

Aq original cross-sectional area of liquid jet




nonaxial acceleration of liguid in Jet

maximum observed droplet diameter

liquid Jjet diameter

volume-median droplet diameter

effective action distance indicated by velocity profile
acceleration due to gravity

distance from injector exit over which liquid is acted upon by gas
length of liquid injector hole

correction factor for nonuniform gas velocity and for length-
averaging of €

pressure in gas phase, lb/sq in. gage

pressure in liquid phase

local contribution of surface tension to liguid-phase pressure
electrical resistance of given length of liquid Jjet

Reynolds number, (DOUpg)/ug

calculated resistance of given length of undistorted liquid jet
principal radii of curvature of surface

distance in unspecified direction

time liquid has been exposed to gas flow

gas velocity

relative velocity of gas with respect to the liquid, V[@ + v%
axial velocity of liquid Jjet

total width of liquid Jjet after spreading

Weber number, (ngZDO)/o

nonaxial velocity in liquid phase

distance in direction of liquid injection



¥y distance in direction of gas flow
6] maximum displacement of liquid in its distorted cross section

€ relative distortion of liquid Jjet cross section,
2
8/D, = & (%Y£_>2 - e <Y3>
) VZDO Py Do

p L\?
€av length average of ¢, N _§.< max
p1 \ViPo

S e )zz_e_
P Vil 12
A E&(lf:_e_
o3 O] 42
31 absolute viscosity
g nondimensional distance along liquid jet, x/L
o] density
Pg electrical resistivity
o surface tension
Subscripts:
b at complete breakup
g in gas phase
i at initiation of breakup
1 in liquid phase
max maximum

EQUIPMENT AND PROCEDURE

The general arrangement of the test apparatus is shown in figure 1. A
5-inch pipe tee is fitted with windows on each end and a drain valve at the
bottom. Nitrogen gas and water are introduced near the top. Details of the
impingement zone are shown in figure 2. The longitudinal baffle reduces the
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amount of vortexing induced by the high velocity gas.

Two different gas injectors were used to provide variations in the action
distance over which the gas flow reacts with the stream of water (fig. 3). By
rotating these injectors 90° (designated I' and II'), four different action
distances could be used. The gas velocity profiles of these injectors were
measured by a total head probe and are shown in figure 4. The total head
probe was simply a vertical tube, 1/8 inch in diameter and closed at the bot-
tom end. Total head was sensed through a 0.04-inch hole drilled through the
side, 1/2 inch from the end. An effective action distance d, for each in-
jector was taken from the width of the velocity profile at 70 percent of maxi-
mum velocity; this effective action distance was used only for approximate
comparisons between gas injectors. The velocity of the injected gas was con-
trolled by critical flow nozzles as shown in figure 1. Flow nozzle sizes and
approximate values of resultant velocities in the gas injectors are listed in
the following table:

Diameter Gas velocity,
of flow U,
nozzle, ft/sec
in. Fo-- - e
Gas Injector
I and I' | IT and IT'
0.440 548 310
. 390 430 245
« 360 365 208
. 312 273 155
.281 220 125
. 249 173 98
. 204 115 65
.1695 78 -——-
. 1405 Y4 ——

Gas pressure was controlled by a regulator and measured by a strain gage, and
gas temperature was measured by a bare-wire thermocouple.

The water injectors (fig. 3(b)) were made of 0.065-, 0.089-, and 0.120-
inch inside-diameter tubing, with length to diameter ratios of 19, 14, and
10. 4, respectively. All had sharp-edged approach sections. An additional
water injector was made of 0.089-inch inside-diameter tubing with a length to
diameter ratio of 100. Data from this injector are shown in the photographs
but not in the correlated data.

Water flow was controlled by pressurizing a tank and measured by a
turbine~type flowmeter. Water pressure and temperature were taken by strain
gage and thermocouple.

A movable electrical probe screen (refs. 7, 37, and 38) at either 300 or
67.5 volts d-c potential was used to measure the electrical conduction of the



water stream from water injector to screen (fig. 2). The electrical circuit
for these measurements is shown in figure 5. The conductivity of tap water

was such that the jet resistance was of the order of 1 megohm. For each par-
ticular jet diameter and length, measured values of the undistorted jet resis-
tance with no gas velocity were averaged for the values of R, wused in corre-
lating the data. Because of cavitation and turbulence effects on the jet cross
section, these measured resistances with no gas velocity averaged 30 percent
above those calculated for a smooth cylinder using the measured conductivity of
the water. Tests were made in a conductivity tube (fig. 5) at various current
densities and liquid velocities to ensure that there were no polarization or
velocity effects on the ionic conductivity of the water.

Resistance readings and photographs were taken during relatively short
periods of water flow, while the gas flow was steady. This procedure was
necessary to avoid serious electrical short circuiting from the probe screen

to the walls.

For different gas injectors, the screen position was changed to coincide
with the point where the gas velocity had dropped off to 70 percent of the
maximum.

Photographs of breakup at various conditions were taken with a 4 by 5
camera with Polaroid back, using 3000 speed film. Pictures were taken with a

20-inch £/5.6 lens and with a 12% sinch £/6.3 lens. A diffuse screen was used

for backlighting, illuminated by a l/2—micr03econd 7-joule alr spark. Depth
of field was necessarily small to keep the droplets on the chamber windows
completely out of focus. The mirror arrangement shown in figure 1 was used to
obtain the two perpendicular views of the breakup simultaneously.

MODEL OF BREAKUP PROCESS

The model proposed in this report for the controlling mechanism of break-
up of a liquid jet in a crosscurrent flow of gas can be deduced from a con-
sideration of the internal and external forces acting on the liquid. Contrib-
uting to the breakup process are the normal and tangential components of the
dynamic pressure of the flowing gas on the liguid surface. These tend to bend
the liquid stream in the direction of the gas flow, to distort the cross-
sectional shape of the liquid, and to tear ligquid off from the surface at
particular regions along the stream periphery. The surface tension of the
liquid ternds initially to restore the liquid to its original cross-sectional
shape; however, in the later stages of breakup, it actually assists in the
process of disintegration. Considerable turbulence is generated in the liquid
in the entry region of the injector, and this contributes to the surface rough-
ness of the liguid as it emerges from the tube or orifice. The viscosity of
the liquid resists all relative motion within the liquid, and hence retards
the effects of the external, surface, and turbulent forces.

To evaluate the external forces on the liquid, it is assumed that the
boundary layer and wake formed in the gas phase are similar to those formed



under steady-state conditions about a solid cylinder of similar size. Refer-
ences 39 to 42 present measured data for the pressure distribution around com-
paratively large circular cylinders (fig. 6). Both the normal and the tangen-
tial stress components are given as fractions of the dynamic pressure of the

gas ng . The maximum tangential stress occurs at about the place on the

circumference that separation occurs; however, this tangential stress is two
or three orders of magnitude less than the normal pressure exerted on the
cylinder. Hence, the normal component will be primarily responsible for dis-
torting a liquid cylinder, while the tangential component will probably be
adequate to shred off some liquid at the point where the boundary layer sepa-
rates. TFigure 6 presents the normal pressure data of reference 39 obtained
for a 3-inch cylinder in a wind tunnel at a Reynolds number in the range of
this study. ©Shown also is the normal pressure distribution around a 1/8—inch
cylinder measured in the present study by rotating the total head probe. In
spite of differences in the gas stream and cylinder size, the measured dis-
tributions are quite similar. The maximum difference in pressure is between
the stagnation point and the points of separation on each side and 1s about
twice the dynamic pressure.

The actual liguid jet is not a smooth cylinder except at very low flows,
but presents a rough surface to the gas flow (refs. 37 and 43). At the stagna-
tion point on each rough protuberance, the dynamic pressure would be

pg(U2 + v%), from the vector sum of the gas and liquid velocities, rather than

2
U-.
pg

In addition to these effects, gas-phase turbulence and irregular vortex
shedding in the wake of the liquid cylinder will produce waviness in the jet.

Surface tension of the liquid tries to maintain a circular cross section
of the jet. The pressure generated by the surface tension is

b, = o(_l_ + _l_>
I'l 1‘2

where ¢ 1s the surface tension and rq and vy are the principal radii of

curvature of the surface. The surface-tension pressure within a smooth liquid
Jjet is then BG/DO. The pressure will be locally higher at a small protuber-
ance; thus, the protuberance tends to smooth out. If the protuberance grows
to a ligament with its length greater than its diameter, surface tension pro-
duces a higher pressure in the "neck" so that the ligament is pinched off.

For the pressure generagted by surface tension to be the magnitude of the dy-
namic pressure, the radius of curvature would have to be about one one-
thousandth of the liquid jet radius. The Weber number We = (ngZDO)/o ex-

presses the ratio of dynamic forces to surface-tension forces. For a cylinder
these forces are equal at a Weber number of 4. High Weber numbers indicate
that surface-tension forces are negligible compared to external dynamic forces.
In this study the Weber numbers are relatively high, and surface-tension forces
are neglected.



If relative gas velocity V, gas density Pg» liquid density p7, liguid
jet diameter D,, and action tlme t are assumed to be the important varlables
affecting the breakup of a liquid jet, a dimensionless number (p /pZ (Vt/D
can be formed, which expresses the ratio of the external dynamic forces to the
inertial resistance of the liquid for a given deformation rate.

This same dimensionless number can be derived by integration of the momen-
tum equation for the liquid phase, assuming that the pressure gradient can be
taken constant with time:

2

a=W_ 1w -"lug.g (1)
at  py o}
Let
1 2 2
2(~ p Vv ) p Vv
As 1 D D
2o °

where 2<%-pgv2) represents the pressure difference Ap between stagnation and
and separation points. The distance As Dbetween these points is initially

% Dy, 1increases during the first stage of deformation to around g Dy, and then
decreases to zero as breakup approaches completion. Thus, % D, 1is taken as an

approximate average value of As,

By order-of-magnitude analysis of the momentum equation, it can be shown
that the viscous term is about four orders of magnitude less than the pressure
term for conditions typical of these experiments, and the gravitational term is
even smaller. Hence, gravitational and viscous effects are neglected. Then
the acceleration of the liquid in & direction transverse to the gas flow can be

approximated by

0, v2
a=2-£L (3)
1 Yo
By integration,
2
w-pBY 4 (4)
P1 Do
p 2
5 = -8 1= 42 (5)
1 70

Let

2
zig(ysc_) (6)



The parameter € 1is then the relative distortion of the liquid cross section,
and the transverse spreading of the Jet is then

W=D, + 28 = Do (1 + 2¢) (7)

Numerical integration for the above equations with As dependent on the
degree of distortion indicates that the correction to W would be less than
30 percent.

The following sketch illustrates the proposed model for this primary
mechanism of breakup of a ligquid jet in a cross flow of gas:

o U
. . \

? / \ / \ Atomized liquid
[ \ { \ partially
_>V2 \ _,E / entrained in
Py / Py V \ gas flow
\ g
— T~ —

° O O
Undistorted Distorted Breakup O

cross section cross section

The external pressure distribution creates a pressure gradient within the
ligquid, resulting in flattening of the liguid Jjet transverse to the flow of
gas. At the edges of this flattened sheet drops and ligaments are torn off
by the combined action of the tangential stress and surface tension. The rate
of breakup is assumed to be controlled by the distortion rate of the liquid
cross section. High viscosity will retard the distortion, but the controlling
step should remain the same. This model would not apply for the cases where
surface forces are comparable to dynamic forces, resulting in low Weber num-
bers.

EXPERIMENTAL RESULTS

Evidence of the degree of liquid breakup is presented in photographs and
in terms of electrical resistance. Photographs showing the independent effects
of the various factors affecting breakup are presented in figures 7 to 11.

For comparison, the electrical resistance of the water jet is given, where Rp

is the average measured resistance of the undistorted jet with no gas velocity.
It is evident that degree of breakup and resistance both increase directly with
gas velocity U (fig. 9), density (or pressure Pg) (fig. 8), and effective



action distance dg (fig. 11). Breakup and resistance vary inversely with
liguid velocity vy (fig. 7) and jet diameter D, (fig. 10). At low degrees
of breaskup the effect on electrical resistance is masked by variations in ini-
tial roughness of the Jet, which also causes an increase in the total resis-
tance (see fig. 10).

The mechanism of breakup becomes clearer from photographs taken along the
axis of gas flow (fig. 12). Spreading of the ligquid jet transverse to the flow
of gas increases with gas density and decreases with Jet velocity. At the left
in each photograph at the same scale is the liquid spreading pattern calculated
from the distortion rate predicted by the model (eq. (7)). These are seen to
correspond fairly well in magnitude and trend with the photographs. Other
photographs taken at very low liquid velocities and gas densities show spread-
ing of the jet and a distinct thinning of the jet in the other cross-sectional
dimension.

The assumptions in the model regarding the type of distortion undergone
by the ligquid during the breakup process are thus borne out by photographic
evidence. Stripping off of liquid at the edges of the Jet, as assumed in the
model, is shown in the pictures. Also, the electrical resistance is shown to
correspond closely with the observed degree of breakup.

To check the relative effects of gas density, gas velocity, and liquid
jet diameter experimentally, preliminary data were taken with only gas in-
Jjector II, and adjusting the liquid velocity to give a fixed value of
R/R, = 3 (fig. 13). 1In this case the electrical probe was 0.66 and 0.46 inch
from the end of the liquid injector rather than the usual 0.80 inch. Thus,
these resistance data cannot be compared directly with those in the photographs
or with those presented subsequently.

The following interrelations of several of the experimental factors are
shown clearly in the results:

(1) The action time is a function of the dynamic pressure ngZ exerted
by the gas stream.

(2) The vector sum ~/U% + v% of gas and liquid velocities rather than

solely the gas velocity is effective in breaking up the Jjet. This is in agree-
ment with the suggestion in the model presented that a rough-surfaced Jet
would sense a stagnation pressure dependent on the vector sum of liquid and
gas velocities. The ratio of gas to liquid velocities ranges from 0.662 to
5.07. Considerably more spread in the data occurred correlating with ngZ

instead of pg(U2 + V%).

(3) The rate of breakup is inversely proporticnal to the diameter
squared. This 1s in contrast to the attempts of other investigators to pre-
dict the rate of breakup in terms of Weber number, implying that the larger
liquid jet breaks up more easily. This follows from their assumption that the
primary resistance to the distorting forces is the surface tension. The cor-

10



o) U2 + vi
relation of the rate of breakup with £ 5 , rather than with Weber number
D

P

in figure 13 indicates that inertia rather than surface-tension forces controls
the rate of breakup; this conclusion is also supported by the photographs in
figure 10,

o) U2+v§
(4) The combined parameter - — £2 is constant for the given
P17 D
o

degree of breakup R/RO = 3 and the given effective action distance
da ~ 0.56 inch. This invites comparison with the relative distortion

2 2
o U ++v
e
0 P
1 Do
calculated in terms of the model (eq. (6)).
o) U2 + v§
Similar correlations of action time with 5—-———5——— can be made at dif-

1 D
e}

ferent degrees of breakup and action distances. The degree of breakup as mea-
sured by electrical resistance can then be correlated with the parameter.

2 2 2 2
c-%’ “’_z_tzzp_‘f_if’_z_ﬁ:ig(_@_
o 2 0 2 2 P v,D
1 Do 1 vy Do 1 170

In figure 14, this correlation is shown for each of the gas injectors
individually. These individual plots are combined in figure 15. 1In these
experiments the gas velocity U did not maintain a constant value over the
action distance 1, as was shown in figure 4. Therefore, a doubly integrated
average of the gas velocity with distance must be used in calculating ¢ (see
appendix). The resistance ratio R/RO will depend on the degree of breakup
all along the length of liquid jet, so that a length average €, of the cor-
rected parameter € must be used. The correction factor to e resulting
from correcting for the nonuniform gas velocity and averaging the distorticon e
over the Jjet length is N.

Data for the 0.065-inch water injector and for gas injector II' show the
most scatter. The 0.065-inch water Jjet also appears to be a little more stable
than predicted. The overall spread in the data, as shown in figure 15, is
+25 percent in the low breakup region (excluding €., below 1.0) and *10 per-
cent in the high breakup region.

An approximate average curve is drawn for all the data; the equation of

11



During the experiments as €q Was decreased by increasing Vo it was ob-
served that R/RO approached a constant value of 1 at an e, value of 0.3 to
0.5. The form and constants of equation (8) are chosen to include this charac-
teristic behavior.

The following ranges of individual parameters are included in the data of
figures 14 and 15:

Gas velocity, U, ft/sec . . . . « « « « « « . . . . v . e .« . . . . . 65to 430

Gas pressure, P_, lb/sq in. gage . « « « « « . « ¢« « + « + o 4 .+ .+ . 20 Lo 250

Liquid velocity, vy, ft/sec . . . . . . . . . . ..o 15 to 155

Liguid jet diameter, Do, in. . . . . . « « o . o e .. O 065,0 089, 0.120

Effective action distance, dg, in. . . . . . . . . . . . . . . 0.350.56,0.70
o U°D

Webernumber,—g—(—j——o e e e e e e e ... ... 31 to 11,000

Since the minimum Weber number was 31, all of the data were taken under con-
ditions well above the threshold of breakup controlled by surface forces.

Neither liquid jet breakup nor the electrical resistance of the jet are
time-steady quantities. Oscilloscope traces of the resistance (fig. 16) show
the same kind of high-frequency fluctuations that the photographs of fig-
ures 7 to 12 show. Although the resistance varies over at least a 3 to 1 range
in these fluctuations, the average appears reasonably close to the sverage read
from the meter. Occasgionally the jet breaks completely giving an infinite
resistance. At lower jet velocities the complete breaking appears more fre-
quently, although the average resistance remains the same.

Several factors may contribute to the spread in correlated data shown in
figure 15. At steady conditions of velocity and pressure repeated measure-
ments in average R/R showed a variation of #*10 percent. No modifications
were made to the measured R/R because of the waving and bending of the
liquid Jjet, although these do increase the electrical path length. Since
particular values of (V/VZ)2 were achieved at different liquid velocities,
different levels of liquid turbulence are present in one region of the data.
With U = O, considerable variation in R, occurred with changes in vy3. When
the velocity profiles of the gas injectors were measured (fig. 4), an average
curve was used, although a small variation was observed at different Uy
and P.. At different conditions Vp and 2 ng /D may not be qulte equal

(eq. (2)) and thus cause spread in the data.

DISCUSSION

No measurements of the rate of liquid removal from a ligquid jet during

1z



the breakup process are presently available in the literature. This rate of
breakup can be derived mathematically from the correlation of electrical re-
sistance with distance (fig. 15). The results of this study can then be ap-
plied in calculating the rate at which the liquid mass reaches an atomized
state.

The electrical resistance per unit length of ligquid jet is inversely pro-
portional to its cross-sectional area at any point along the Jet. TIn fig-
ure 15, R/RO 1s expressed as a function of distance or length, as represented
by the average curve

R _ 3.34
R~ 0.00392 (3¢, - 1) +1 for e, >1/3

For a uniform velocity U over time +t, the length-averaged distortion param-
ebter ¢ = 1/3 ¢ (see appendix), where € 1s the distortion at a certain
time +t or distance L. Hence,

= 0.00392(c - 1)3:%% + 1
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it follows that

Differentiation gives

Hence,

ﬁi = [0.00392(7.68¢ - 1)(e - 1)&-34 4 1171 for e>1

e}

This equation is plotted in figure 17; the spread of data corresponding to that
in figure 15 is also shown.

For all e < 1, figure 17 shows that no breakup should occur. Thils can
be interpreted as the amount of distortion of the liquid cross section that
must occur before any shredding of liquid from the edges begins. This breakup
threshold is independent of the Weber number and should not be confused with
the Weber threshold where surface forces balance the imposed dynamic forces.

13



Breakup is essentially complete for an € value of 10 to 15. Designating
this by ep, the time required for complete breakup can be found from egua-

tion (6):

Dy P

t =T €-bp

b

By differentiation again with respect to distance or time, the rate of
area decrease, for € > 1, is

2
4 (A} 0.00392 (A (?li (25.65¢ - 10.02) (e - 1)1+ 34 (10)
it \a, i) \T
or
a /A A Y (2e 1.34
4 (Ao Jo.00392 (&) (2€) (25.65¢ - 10.02) (e - 1)Y
Er («%) <Ao> <t ) (25.65¢ - 10.02)(e - 1) (11)

Hence, from the original measurements of electrical resistance as a function
of €., it is possible to derive expressions for the extent of breakup and
rate of breakup as a function of time and environmental conditions. For con-
venience, let

2

170 o]

2
e P
py \v;D Py \D

so that

2 2

Figure 18 shows the variation of a /4 or ENyES with length L or
L. \A, at \A,

time t, respectively, for several values of %L or %t’ respectively. These

curves should be considered very approximate in shape and amplitude since they
depend on a particular cheoice of average curve in figure 15.

COMPARTSON WITH OTHER EXPERIMENTAL RESULTS
A number of different studies have been made of the breakup of drops and
Jets in a gaseous stream. Suitable assumptions allow the results of the study
herein to be compared with other data obtained under a wide diversity of con-

ditions. The fact that reasonable agreement 1in the results exists is an in-
dication of the generality of this approach.

Reference 15 describes drop size studies of the breakup of various fuels

14



injected into a crosscurrent air stream inside a tunnel. TIncluded with this
data was a relative mass-distribution survey made 1 inch downstream from the
liquid injector centerline where breakup was complete. These data are plotted
as part of figure 19. The conditions under which these data were obtained were
guite different from the conditions for the present study: iso-octane has a
specific gravity of 0.68 and a surface tension only 30 percent that of water;
the orifice diameter was 0.030 inch and its length to diameter ratio was

about 1; the test section was a 4~ by 12-inch tunnel at a pressure slightly less
than 1 atmosphere. The results of the present study may be applied to the ex-
perimental conditions of reference 15 to calculate the rate of breakup of the
fuel Jet; the disintegrated liquid would then be convected downstream by the
flowing gas to the point where the mass-distribution measurements were made.

The rate of breakup (mass released per unit distance) predicted by equation (10)
of this study is shown to a relative scale along the fuel jet centerline. Drop
trajectories for the maximum (Dygy) and average (Dzpn) measured drop sizes are
calculated and are shown for each run. These trajectories assume that no modi-
fication of the gas velocity is caused by the spray of liquid. At low gas ve-
locities the effect of gas entraimment by the liquid spray is more severe, SO
that in runs 4 and 11 the trajectories shown would be displaced to larger values
of x. Reasonable correspondence exists between the calculated mass distribu-

tion as it is convected downstream, and the measured distribution of refer-
ence 15.

Investigations of liquid jet breakup by a shock wave have demonstrated that
the jet is broken by the gas flow behind the shock front. There the liquid ex-
periences conditions similar to those of this study. In the shock-tube study of
liquid Jjet breakup made in reference 17, the flow behind a shock wave moving
transverse to the liquid Jjet caused disintegration to occur simultaneously at
all points along its length. The time required for complete breakup to occur
was Jjudged visually from high-speed frame and streak photographs. The measured
breakup times were compared with calculated times derived on the basis of two
different models of the breaskup process: (1) breakup controlled by the inter-
mixing of liquid and gaseous boundary layers and (2) breakup controlled by the
growth of surface oscillations to an unstable degree of distortion. Figure 20
compares the measured breakup times of reference 17 with those calculated from
99-percent breakup (A/AO = 0.01) on the basis of the present study. These times
show somewhat better accord with the measured times than the calculated times
of reference 17. Some of the scatter in data is introduced in the visual Judge-
ment of the point of breakup in determining measured breakup times. A subse-
quent study (ref. 18) measured breakup times of Jets of various liquids.

As a liquid cylinder flattens in one direction transverse to a flow of
gas, a sphere should flatten in two directions forming a disk, since similar
external pressure profiles exist. Photographs of the breakup of water drops
in a shock tube from reference 35 show the beginning of disk formation before
tangential forces tear off the thin periphery. Figures 4 and 9 to 12 of
reference 35 show breskup commencing at time and conditions giving a calculated
value of € = 0.2, and complete breakup at ¢ =~ 10 to 15. The rate of flat-
tening calculated on the basis of this study is equal to that shown at lower
shock strengths, but considerably less than the flattening shown for a 1.7 Mach
number shock. FEquation (31) in reference 35 is similar to distortion egqua-
tion (6), but in computing the distortion rate the total pressure is inserted

15



rather than the differential in pressure around the drop.

Similar drop breakup studies in references 29, 34, and 36 show breakup
starting at calculated ¢ <wvalues of 1 to 2, and generally completed at about
10 to 15, or as high as 20 to 30 estimated for the data of reference 29. The
aforementioned references include drop breakup plctures for 230- to 4000-micron
diameter drops of water, methyl alcohol, and burning and nonburning hydrocarbon
fuels. Gas velocities ranged from 60 to 1450 feet per second. It is Important
to note that in each of these references including reference 35, considerable
distortion of the liquid cross section occurs before appreciable stripping off

of liquid drops takes place.

Distortion rates of drops being accelerated through gas nozzles in experi-
ments described in reference 27 are considerably lower than predicted by this
study; however, the surface forces should be expected to stabilize the drops,
since the Weber numbers were only of the order of 5 to 10 or less.

In the series of reports on liquid atomization of reference 16 pictures
and drop sizes of breakup in a crossflow of gas are shown. At the low liquid
velocities reported therein, breakup should occur in one to two jet diameters
of jet length, which the photographs in reference 16 seem to indicate.

Thus, it appears that in a wide variety of cases, both liquid cylinders
and liquid spheres can be considered to offer only inertial resistance to dis-
torting forces resulting from a crosscurrent flow of gas. The breakup rates
measured electrically in this study can be applied to those other breakup sit-
uations provided that the Weber numbers are well above their threshold for

breakup.

A number of analytical expressions have been proposed for the rate or time
required for a liguid jet to break up or atomize. These were derived on the
basis of each proposed model or explanation of the mechanism of breakup. The
importance of the various parameters in these expressions reflects the forces
and effects considered important in each reference. The exponents on the
various parameters of which breakup time is an exponential function are listed
in the following table. TFor example, in the present study,

D
O
t.b‘x—\—/.—

DI'O
o

g

In several cases, the variables do not appear as pure exponentilals, but for
purposes of comparison they have been approximated as such in the table.
Models for inJjection of liquid into stagnant gas as well as crosscurrent flow

of gas are included.
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Source {Gas flow} Liquid Relative Ligquid Gas Surface Liguid Gas
drop or |[velocity of den-~ density, |tension, vis- vis-
Jet the gas with| sity, p o cosity, | cosity,
diameter| respect to pz g HZ 18
the liquid, g
v
Present |Cross- 1 -1 1/2 -1/2 (a) (a) (a)
study current
Refer- _ [Cross- 1 -1 1/2 -1/2 (a) (a) (a)
ence 30" |current
Refer- |Stagnant 1 -1 1/2 -1/2 (a) (a) (a)
ence 31
Refer- |Cross- |1 to 5/4| -1/2 to /2 |-1/2 to | -1/2 (a) 1/2 to
ence 17%|current —1/4 -1/4 1/4
Refer- _|Cross- 5/4 -5/4 2/3 -5/12 1/2 -1/3 -5/12
ence 17 |current
Refer~ Cross- 1.5 to -0.5 to 0.67 t0|-0.17 to 0 to -0.33 to| -0.17 to
ence 18 |current 1.12 ~-1.05 0.6 -0.48 0.17 -0.26 -0.02
Refer- |Stagnant| 3/2 (a) 1/2 (a) -1/2 (a) (a)
ence 33
Lo _ |
Refer- |[Stagnant |3/2 to 1 (a) 1/2 to (a) -1/2 to | 0 to 1 (a)
lence 43 B 0 -1

8Effects neglected by author or for purpose of this comparison.
PFor low o and By

CFor We >> Re, deformation model.
dFor We >> Re » boundary-layer model.

CONCLUSIONS

Photographs of the breakup zone of a water jet in a transverse flow of
nitrogen gas show the increase in breakup with increasing gas velocity and
density and action distance and with decreasing liquid Jet diameter and ve-
locity. The average total resistance of the jet along its length increases
sharply with increasing breakup. A correlation has been found experimentally
between the electrical resistance and the factors affecting the breakup.

A successful model of liquid jet breakup in a crossflow of gas at high
Weber numbers consists of a progressive liguid spreading transverse to the
gas flow in response to the pressure distribution at the liguid surface and
resisted only by the inertia of the liquid. The degree of breskup 1ls reason-
ably correlated as a function of the degree of spreading €, where,

17



€=§_=°_g(_vg_>2=p_g(ﬁ>z
Do P31 VZDO Py Do

Photographs corroborate the fact that liquid spreading takes place transverse
to the gas flow. Breakup starts at an € of 1 or 2 or at a time of

D / P
ty = 7? (1 or 2) —% 1t is essentially complete at ¢ = 10 to 15, or time
o

g
D P
0 1
tb = —v- Vr(lo to 15) 'Fg.

The electrical resistance along the length of a liquid jet appears to be
a good measure of Jet breakup. It is inversely proportional to the average
along the jet length of the cross-sectional area. The resistance is much more
gsensitive to environmental changes than visual criteria and is less prone to
subjective errors. Time averaging of the high-frequency fluctuations in
degree of breakup is simple and convenient with an electrical signal but 4if-
ficult visually.

Other breakup data for both liquid jets and liquid drops are falrly well
correlated by the suggested breakup criterion e. These data include liquids
of lower density and lower surface tension than water and gas velocities gen-
erated behind a shock wave and in a tunnel.

It is suggested that this breakup criterion may be applicable also to the
breakup of conventional fuels or cryogenic oxidants in a rocket engine when
transverse velocities exist.

Lewils Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, February 25, 1964
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APPENDIX - DERTIVATION OF CORRECTION FACTOR N TFOR
AVERAGE DISTORTION WITH NONUNIFORM GAS VELOCITY

In the integrations of equations (3) to (5) to find the liquid displace-
ment 8, it was assumed that the gas velocity U was constant with time. 1In
the experimental equipment, however, U was a function of position with re-
spect to the gas injector. Hence, in deriving the expression for e to be
used in correlating the experimental data, U must be considered a variable in
each integration step. The distortion € can be calculated from the maximum

value of the gas velocity Upax @and a correction factor as follows:
2
fy Do
where V2 = U% + v% and U = U(t), or
2
v 2
a =28 ( max (V_
e Do Vmax
G
o) A E v 2
w=2 8| 28X —— ] at
D Vv
1 0 max
0]
G i
2
e, (V 2
€ =0 =2 8 mex (V it at
Do P Do Vmax
0 JO
or

m
li
[aV]

o L X
o_ [V v 2
g m%X <____V ) dx dx (A1)
2 \"1% max
0 0

Normalizing the distance by the total distance yields
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The correction factor to e calculated using Vﬁax is then

1 3 v 2
2 ./[ ./[ (%...) de dat
0 0 max

When U 1s constant with distance or time, V =V . and the correction factor
reduces to unity.

The relative distortion € and hence the degree of liquid breakup is then
a function of I and a correction factor calculated to that point in the
ligquid jet. However, the electrical resistance is a function of the average
degree of breakup over the length of the jet; the resistance is then a function
of a length average of € and 1s so graphically correlated.

1
Cav = T, J/r
o] v
=g_g-<max (VL) 4t dt de
pZ VZ o} max

i®)

4

v
=N —§< ) (a2)
1
1 & £ 5
=2/ / / (VV )(dg)3 (43)
O 0 0 max

When U 1is constant, N reduces to 1/5.

where
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Axial velocity of liquid jet vy = 19 ft/sec vy o= 48.8 ft/sec
Length average of ligquid

distortion €qy = 3.36 €gy = 0.591
Ratio of measured to
undistorted resistance R/RO = 10.3 R/RO = 1.62

vy, = 23.4 ft/sec v, = 62.4 ft/sec
€gy = 2.26 €qvy = 0.405
R/Ry = 3.68 R/Ry = 1.49

C-68960
v, = 38.8 ft/sec
€qy = 0.875
R/Ry = 1.63
Figure 7. - Effect of liquid velocity alone upon breakup showing correlation with

electrical resistance. Orifice diameter, 0.089 inch; orifice length to diameter
ratio, 100; gas velocity, 127.5 feet per second; gas pressure, 40 pounds per
square inch gage; gas injector, II.
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32

Pressure in gas phase Pg = 40 lb/sq in. gage Pg = 150 1b/sq in. gage
Length average of liquid

distortion €gy = 0.618 €qv = 1.80
Ratic of measured to

vndistorted resistance R[RO = 1.48 R/RO = 2.6%1

71 lb/sq in. gage P, = 200 lb/sq in. gage

Fg = g
gy = 0.952 gy = 2.40
R/Ry = 1.61 R/Ry = 3.58

| C-6R961
Py = 101 1b/sq in. gage P, = 249 1b/sq in. gage
€qy = 1.20 €y = 2.85
R/Ry = 1.85 R/Ry = 4.54

Figure 8. - Effect of gas pressure upon breakup showing correlation with electrical resis-
tance. Orifice diameter, 0.089 inch; orifice length to diameter ratic, 100; liquid veloc-
ity, 47.7 to 50.1 feet per second; gas velocity, 127.2 feet per second; gas injector, IT.




Gas velociby U = 66.5 ft/sec U = 210 ft/sec
Length average of

liquid distortion €oy = 0.246 Coy = 1.44
Ratio of measured to
undistorted resistance R/RO = 1.18 R/RO = 1.68

U = 99.8 ft/sec U = 247 ft/sec
€y = 0.425 Cay = 1.99
R/Ry = 1.21 R/Ry = 2.71

U = 127.2 ft/sec U = 314 ft/sec
€gy = 0.600 oy = 3.12
R/Ry = 1.23 R/Rgy = 7.70

C-68962
U = 156.8 ft/sec
cgy = 0.820
R/Rg = 1.32
Figure 9. - Effect of gas velocity upon breakup showing correlation with electrical

resistance. Orifice diameter, 0.089 inchj; orifice length to diameter ratic, 100;
liquid velocity, 48 to 49.5 feet per second; gas pressure, 40 pounds per square
inch gage; gas injector, IT.
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34

Liquid jet diameter Dg = 0.065 in.
Orifice length to diameter

ratio Lo/Dg = 18
Length average of liquid

distortion €5y = 1.05
Ratio of measured to

undistorted resistance R/Ry = 1.41

DO = 0.08Y in.

Lo /Dy = 14
Egy = 0.600
R/R, = 1.06 R/Rg = 1.13

Dg = 0.089 in. Dy = ©.089 in.
Lo/Dgy = 100 Lo/Dg = 100

€y = 0.599 gy = 0.929
R/Ry = 1.29 R/Ry = 1.24

DO = 0.120 in. DO = 0.120 in.
Lo/Dg = 10.4 Lo/Dg = 10.4
€y = 0.346 €,y = 0-488
R/Ry = 1.36 R/Ry = 1.27
(2) Gas pressure, 39 to 42 pounds (b) Gas pressure, 70 to 71 pounds
per square inch gage. per square inch gage.

Figure 10. - Effect of liguid jet diameter and orifice length to diameter ratio on breakup
at two gas pressures. Liquid velocity, 46.7 to 51 feet per second; gas velocity, 126.6
to 127.6 feet per second; gas injector, II.




Gas injector
Length average of liguid

distortion Egy = Q.575
Ratio of measured to undistorted
resistance R/Ry = 1.17

II' (4, ~ 0.704 in.)

gy = 0.833
R/Ry = 1.27

a) Gas pressure, 39 to 40 pounds
2
per square inch gage.

Figure 11. - Effect of action distance dg

IT (dy = 0.56 in.)

II (4, ~ 0.56 in.)
gy = 0.940

R/Ry = 1.23

IT' (dg ~ 0.704 in.)

€gy = L.25

R/Ry = 1.45

() Gas pressure, 69 to 70 pounds
per square inch gage.

on breakup at two gas pressures. Orifice

diameter, 0.089 inchj orifice length to diameter ratio, 100; liquid velocity, 48 to
49.5 feet per second; gas velocity, 127.2 feet per second.
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Axial velocity of liguid jet vy = 31.9 Tt/sec

Length average of liquid
distortion Eqy = 1.246
Ratio of measured to undistorted

resistance

vy = 57 £t /sec
= 0.956
R/Ry = 1.35

vy = 568.3 1t [sec
Sy = 0.470

R/Ry = 1.15

vy o= 1204 £t /sec
gy = 0.328
R/Ry = 1.08

(a) Gas pressure, 40 pounds per square inch gage.

Cav
R/Ry

;= 37.7 £t /sec

= 1,936

= 2.39

= 55,6 ft/sec
= 1.012
= 1.25

= A

Cav

R/R

= 81.4 ft/sec
= 0,595
= 1.10

(b) Gas pressure, 101 to 102 pounds per square inch gage.

Figure 12. - Perpendicular views of jet breakup showing effects of jet velocity and gas pressure on spreading of
Jet transverse to gas stream. Patterns of calculated rate of spreading are shown for each case. Orifice diam-
eter, 0.089 Inch; orifice length to diameter ratio, 100; gas velocity, 126.7 to 127.5 feet per second; gas

injector, II.
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